The oxidative decarboxylations of pyruvate and 2-oxoglutarate in Escherichia coli are carried out by two large, multienzyme complexes: pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase. The enzyme complexes each contain three subunits: two are unique to the individual complexes, the third is shared between them. Resolution of the polypeptide subunits on two-dimensional gels allowed quantitative analysis of their cellular levels and patterns of synthesis in growing cells. Cells growing in glucose-salts medium were found to contain roughly 85 to 136 pyruvate dehydrogenase complexes and 73 2-oxoglutarate complexes. Lipoamide dehydrogenase, the subunit shared by the two complexes, was found to be in significant excess of its stoichiometric demand in the two enzyme complexes under most growth conditions. The subunits unique to each of the complexes were coordinately regulated over a wide variety of growth conditions and a broad range of expression. The two complexes responded to different, but partially overlapping, regulatory signals. Most importantly, the shared subunit was actively regulated to accommodate its demand in both enzymes. These results are discussed with regard to possible mechanisms of regulation of the enzyme complexes in general and of the shared subunit specifically. These reactions are catalyzed by two large, multienzyme complexes: pyruvate and 2-oxoglutarate dehydrogenase (6, 23) , collectively called the 2-oxoacid dehydrogenase complexes. Each complex consists of three enzyme components: two, El and E2, are unique to each enzyme, and the third, E3, is functionally interchangeable between the two (11).
products, acetyl coenzyme A and succinyl coenzyme A, are key intermediates in both biosynthesis and oxidative energy generation (9) . These reactions are catalyzed by two large, multienzyme complexes: pyruvate and 2-oxoglutarate dehydrogenase (6, 23) , collectively called the 2-oxoacid dehydrogenase complexes. Each complex consists of three enzyme components: two, El and E2, are unique to each enzyme, and the third, E3, is functionally interchangeable between the two (11) .
The subunit compositions of the individual enzyme complexes have been determined by conventional methods (2, 7) . Studies of the quaternary structure of the complexes have re- vealed that the lipoamide-bound E2 subunits form a highly structured "core," which serves a structural as well as enzymatic role and about which the El and E3 components interact (2) .
The genetic organization of the 2-oxoacid dehydrogenase complexes in E. coli has been studied in detail by Guest and Stephens (15) .
The El and E2 subunits of the complexes are encoded by the aceEF (pyruvate dehydrogenase [PdhI El and E2, 3 min) and sucAB (2-oxoglutarate dehydrogenase [Odh] El and E2, 16 min) operons. Conventional genetic analysis has suggested ElE2 transcriptional polarity for both operons. These findings have recently been confirmed by molecular cloning and hybrid phage expression (15, 27) . A single gene, lpd, very closely linked with aceEF encodes the E3 component (11) . Recent studies have shown that lpd is transcribed in the same direction as the aceEF operon and that, at least under some conditions, it can be expressed independently (12) .
Studies of the regulation of synthesis of the 2-oxoacid dehydrogenase complexes have revealed that (i) the pyruvate dehydrogenase complex is induced by pyruvate (8) ; (ii) the 2-oxoglutarate complex, like most tricarboxylic acid cycle enzymes, is subject to glucose repression (10); and (iii) both complexes are repressed by anaerobiosis (1, 30) .
Recent identification of the five 2-oxoacid dehydrogenase subunits on two-dimensional gels (3, 22) has provided the opportunity to expand our understanding of the regulatory features of these enzyme complexes. In particular, two-dimensional gels and associated quantitative techniques allow measurement of the cellu-lar level of the individual subunits independent Aeribic cultures were grown at 30 or 37 t 0.1°C on of their in vivo activity or association with other a rotary shaker. Anaerobic cultures were grown in an subunits. anaerobic glove chamber as described previously (25 (21) . The 3H/14C ratio for a polypepCohen (5). After phage adsorption, cells were grown tide sampled from a gel, divided by the 3H/'4C ratio in overnight at 30°C in glucose-salts medium plus acetate the total extact, is the level of that protein in the test (1 mM) [plus ampicillin (20 (3, 22) . These subunits are indicated plates.
in Fig. 1 and Table 3 by abbreviations intended
Presumptive acetate requirers were retested for to refer both to the enzyme complex to which growth phenotype in liquid media'and checked for the they belong and to the catalytic contribution presence of a single Mu phage insertion (29) before they make. further study. Genetic linkages were tested by P1-Determination of, the cellular content of a mediated transduction accor4ing to Miller (17 found to meet these criteria (Fig. 1) . Subunits PdhEl and PdhE2, however, proved difficult to sample. PdhEl migrates in a region closely flanked by two other polypeptides (most easily visualized by comparing Fig. 2A and B) . PdhE2 produces two polypeptide spots (C70 and C62.7, Table 3 ) having the same isoelectric point, but differing in apparent molecular weight by approximately 7,000, and connected by a faint smear (Fig. 1) . The difficulties of sampling these polypeptides led to approximate values, given in parentheses in Table 3 .
The weight fraction of total cellular protein (a') of each of the five subunits was measured in E. coli B/r grown in glucose-salts medium ( Table  3 ). The combined weight fraction of the enzyme components was 19.3 ,ug/mg, or about 1.9% of total cell protein. From the individual a' values was calculated the number of molecules per DNA genome equivalent of each subunit. From the known subunit composition of each enzyme complex, the maximum number of enzyme complexes (based on each individual subunit) was calculated (Table 3) .
For the Odh subunits, the measured molecular abundance of the El and E2 subunits was found to be consistent with the known content of the subunits in the complex.
The shared subunit, LdhE3, was found to be the most abundant of all five enzyme components. In fact, it was present in at least 30% excess of its stoichiometric requirement in the two enzyme complexes under this condition of growth. Similar 15 ,ug of protein was loaded on the gel. Isoelectric focusing with pH 5 to 7 ampholines was for 7,000 V-h through 11.5% sodium dodecyl sulfate-acrylamide. The second dimension was run at 4 W per gel for 3.5 h. The 2-oxoacid dehydrogenase subunits, including the PdhE2 doublet, are indicated by arrows. The area in the dashed box is that portion of a gel shown in Fig. 2. media and E. coli strains used are listed in Table  2 .
The steady-state levels of the five enzyme components during cell growth in these media are given in Fig. 3 , plotted in order of increasing specific growth rate supported. Each point represents the level expressed relative to that of strain NC3 grown in glucose-salts medium (medium 9).
In contras!t with the determinations of absolute cellular content (Table 3) , these measurements are not recovery dependent and their precision is therefore much less sensitive to poor resolution of a protein spot. The values are, of course, not strictly dependent on the rate of synthesis of a polypeptide, but also reflect turnover and postsynthetic modification.
The levels of the components unique to each of the two enzyme complexes were found to change coordinately in all media tested (Fig. 3A  and C) . The two species of PdhE2, C62.7 and C70, were also produced in concert over this broad range of growth conditions (M. W. Smith and F. C. Neidhardt, manuscript in preparation).
By contrast, the two enzyme complexes displayed dissimilar metabolic regulation on many of the media tested. The Pdh subunits (Fig. 3A) were expressed over an approximately 13-fold range, having highest levels on a complex medium containing amino acids as principle carbon and energy source (medium 11) and lowest levels during anaerobic growth on glucose-salts medium (medium 14). These polypeptides were elevated in level when pyruvate (or serine, which is catabolized to pyruvate [24] ) was added to the medium (cf. medium 5 with 9 and 13 with 12), confirming the results of Dietrich and Henning (8 by anaerobic conditions (media 14 and 15).
The Odh subunits (Fig. 3C ) displayed a 25-fold range of expression. Their levels were highest during growth on acetate (media 3 and 8) and other oxidizable carbon sources (media 1, 2, 4, 7) and were depressed in glucose-containing media (no. 5, 9, 12, 13) and in the cyclic AMPdeficient strain NC136 (medium 17). The already low levels in glucose-rich medium (no. 12 and 13), however, were not affected by cyclic AMP deficiency (medium 18). Unlike the Pdh complex, the repressed anaerobic level of the Odh subunits was not elevated by nitrate as electron acceptor (media 14 and 16).
The shared subunit, LdhE3, was found to have a narrower range of expression than the subunits unique to the two enzyme complexes (Fig. 3B) (21) .
e The numbers of molecules per genome equivalent were calculated from the a' values by the methods described by Hirshfield et al. (16) .
f The maximum numbers of complexes per genome equivalent were calculated by dividing molecules per genome by subunits per complex. two-dimensional gel electrophoresis. Representatives of two mutant classes are shown in Fig. 2 . Strain MC4100A5 ( Fig. 2A) was found to have an insertion in the aceF gene: this strain contains PdhEl, but completely lacks the PdhE2 doublet. Strain MC4100A2 (Fig. 2B) , on the other hand, lacks both PdhEl and -E2, indicating insertion in the aceE gene with strong polarity on aceF. Each of these strains produced the OdhEl, OdhE2, and LdhE3 subunits, and the gels revealed no other outstanding differences from the parent strain (not shown).
To test the effect of these insertion mutations on LdhE3 levels, growth conditions were chosen where the proportion of total LdhE3 partitioned to the pyruvate complex varied widely. The results in Fig. 3 suggested that acetate-salts medium (medium 3) and glucose-rich medium (medium 13) would serve this purpose. Indeed, for strain NC3, of the total LdhE3 complexed, approximately 20%o is partitioned to the pyruvate complex during growth in acetate-salts and >90% in glucose-rich medium (calculations not shown). Table 4 gives the levels of the 2-oxoacid dehydrogenase subunits in strain MC4100 and the two insertion mutants during growth in these two media. All values are expressed relative to the level in MC4100 in glucose-salts medium.
Comparison of the relative levels in MC4100 with those of NC3 (Fig. 3 ) reveal quantitative differences, but the qualitative responses of the five subunits to these growth conditions are analogous. The insertion mutations were found to have little effect on the levels of any of the measurable subunits during growth in acetatesalts. In glucose-rich medium, however, the insertions each resulted in a threefold drop in LdhE3 level. The relatively small changes in level of the other subunits in the rich medium may be consequences of the depressed growth rate of the mutants in this medium.
DISCUSSION
The 2-oxoacid dehydrogenase complexes of E. coli and other organisms have been a rich source of physiological, genetic (11) , and biophysical (2) information. Recent identification of the polypeptide subunits of the two enzyme complexes on two-dimensional gels has allowed analysis of their individual chemical amounts and patterns of synthesis in growing cells.
The difficulties associated with sampling the PdhEl and -E2 subunits have allowed us to estimate their amounts only roughly. Thus, glucose-salts-grown cells have been found to contain a maximum of 85 to 136 pyruvate dehydrogenase complexes, constituting 1 to 1.5% of the total cellular protein ( Table 3 ). The same cell contained about 73 2-oxoglutarate dehydrogenase complexes, comprising another 0.5% of total protein.
Comparison of the established subunit compositions of the purified enzymes with our measured cellular content reveals several noteworthy features. First, the cellular content of OdhEl and -E2 provides a remarkable fit with the 1:2 subunit stoichiometry in the complex, but both are inconsistent with simple coexpression of these two subunits from the sucAB operon. Rather, the results suggest either translational control or significant differential turnover of the sucA and sucB products. Either of these suggestions would predict seemingly wasteful use of protein synthetic resources.
Second, our measurements, like those of Creaghan and Guest (6) , reveal that lipoamide dehydrogenase is synthesized in significant ex- a Media used were prepared as follows. Glucose-salts and acetate-salts were identical with media 9 and 3 of Table 2 , except each also contained thiamine (0.2 mM). Glucose rich + acetate was identical with medium 13, surplemented with acetate (1 mM, sodium salt). Cells were grown at 30°C.
Values given for PdhE2 are for C62.7, line 1, and C70, line 2 (see Table 3 Analysis of lipoamide dehydrogenase levels in the aceE and aceF insertion mutants has confirmed previous findings that the lpd gene can be expressed independently of the aceEF operon (12) . During cell growth in acetate-salts medium, a condition under which nearly all of the complexed LdhE3 is associated with the 2-oxoglutarate complex, elimination of PdhEl or -E2 had little effect on LdhE3 levels. On the other hand, when LdhE3 is partitioned primarily to the pyruvate dehydrogenase complex, as during growth in glucose-rich medium, interruption of PdhEl or -E2 synthesis greatly reduced LdhE3 level. This result suggests that the physical presence of the PdhElE2 apo-complex, or at least of the E2 core, is important for the increased level of LdhE3 produced in this medium.
This rationale is consistent with a mode of lpd regulation involving autogenous repression by uncomplexed LdhE3 (13) . A remaining possibility is that a certain measure of lpd gene transcription is initiated from the aceEF promoter by readthrough. The latter model is supported by measurements of the rates of synthesis of the five subunits after abrupt shifts in oxygen supply (26) . These measurements revealed a tight coordination between the rates of synthesis of LdhE3 and of the PdhEl and -E2 subunits.
Confirmation of any such model, though, will require analysis of the system on the molecular genetic level.
